Nanographenes with zigzag edges are predicted to manifest non-trivial π-magnetism resulting from the interplay of hybridization of localized frontier states and Coulomb repulsion between valence electrons. This provides a chemically tunable platform to explore quantum magnetism at the nanoscale and opens avenues toward organic spintronics. The magnetic stability in nanographenes is thus far limited by the weak magnetic exchange coupling which remains below the room temperature thermal energy. Here, we report the synthesis of large rhombus-shaped nanographenes with zigzag periphery on gold and copper surfaces. Single-molecule scanning probe measurements unveil an emergent magnetic spin-singlet ground state with increasing nanographene size. The magnetic exchange coupling in the largest nanographene, determined by inelastic electron tunneling spectroscopy, exceeds 100 meV or 1160 K, which outclasses most inorganic nanomaterials and remarkably survives on a metal electrode.
shell characters. In recent years, this concept has also been utilized to fabricate open-shell nanographenes on surfaces, whose magnetic ground states have been directly evidenced through detection of Kondo interactions between localized spins and conduction electrons of metal surfaces, and spin excitations of coupled spin systems with the scanning tunneling microscope (STM) [9] [10] [11] .
Experimental realization of nanographenes containing zigzag edges is largely restricted to structures with a mixture of zigzag and armchair edges, with prominent examples being anthenes, zethrenes and periacenes [12] [13] [14] , and synthesis of nanographenes with all sides consisting of zigzag edges (zigzag nanographenes, ZNGs) has proven challenging. Triangular ZNGs 15 , which exist as neutral radicals 16, 17 , have been recently synthesized on metal and insulator surfaces under ultrahigh vacuum [18] [19] [20] . However, evidence of magnetism in these nanographenes is indirect and relies on the detection of SOMOs by scanning tunneling spectroscopy (STS). On the other hand, solution synthesis of large ZNGs is limited to closed-shell systems [21] [22] [23] [24] . We report here the on-surface synthesis of rhombus-shaped ZNGs-hereafter [n]-rhombenes, where n is the number of benzenoid rings along an edge, with n = 4 (C48H18, 1) and 5 (C70H22, 2)-which represent the largest ZNGs synthesized to date ( Fig. 1 ). Our inelastic electron tunneling spectroscopy (IETS) measurements, supported by theoretical models, show that [n]-rhombenes acquire an open-shell ground state with increasing size. The magnetic exchange coupling (MEC) in the largest nanographene, 2, is directly determined to be 102 meV, which exceeds the room temperature thermal energy by a factor of four, and surpasses the MEC in most known transition metal nanomagnets 25 . [4] -(a) and [5] -rhombenes (b). The zigzag peripheries of 1 and 2 are highlighted in red. Conditions: (i) 2,6-dimethylphenylmagnesium bromide, THF, r.t., overnight; thereafter CH3COOH, r.t., 10 min; (ii) NaI, NaH2PO2•H2O, CH3COOH, reflux, 2 h, 52% yield in two steps; (iii) DDQ, Sc(OTf)3, CF3SO3H, chlorobenzene, 140 °C, 18 h, 25% yield; (iv) 2-nitroethanol, phthalic anhydride, o-xylene, 165 °C, 24 h, 68% yield; (v) 2,6-dimethylphenylboronic acid, Pd(OAc)2, SPhos, K3PO4, toluene, 120 °C, 18 h, 73% yield; (vi) Bromine, CCl4, r.t., 15 min, 96% yield; (vii) n-BuLi, diethyl ether, −78 °C, 1 h, 7,10-dimethyltetracene-5,12-dione, 0 °C, 48 h; (viii) NaI, NaH2PO2•H2O, CH3COOH, reflux, 6 h, 29% yield in two steps.
Results and discussion
Our synthetic strategy toward [n]-rhombenes involves the design of molecular precursors 7,14-bis(2,6dimethylphenyl)ovalene (3) and 6,13-bis{10-(2,6-dimethylphenyl)anthracen-9-yl}-1,4,8,11-tetramethylpentacene (4) ( Fig. 1 ), which are expected to undergo surface-catalyzed cyclodehydrogenation and oxidative cyclization of methyl groups, thereby yielding 1 and 2, respectively. The synthesis of 3 (Fig. 1a ) was performed starting from bisanthrone (5) , which was treated with (2,6-dimethylphenyl)magnesium bromide followed by dehydroxylation under an acidic condition to provide 10,10'-bis(2,6-dimethylphenyl)-9,9'-bianthracene (6) . The oxidative cyclodehydrogenation of 6 gave 7,14-bis(2,6-dimethylphenyl)bisanthene (7) , which was subjected to two-fold Diels-Alder addition with nitroethylene to obtain 3. The synthesis of 4 ( Fig. 1b) was performed through the Suzuki coupling of 9-bromoanthracene (8) with (2,6-dimethylphenyl) boronic acid to afford 9-(2,6-dimethylphenyl)anthracene (9) , followed by its bromination to yield 9-bromo-10-(2,6-dimethylphenyl)anthracene (10) . Subsequently, 10 was lithiated to {10-(2,6-dimethylphenyl)anthracen-9-yl}lithium and reacted with 7,10-dimethyltetracene-5,12-dione to provide 4 after reduction. Toward the synthesis of 1, 3 was deposited on a Au(111) surface and annealed to 300 °C to promote the on-surface reactions. High-resolution STM imaging elucidated that 92% of the molecules on the surface exhibit a uniform rhomboid shape ( Fig. 2a,b) , and chemical structure determination via ultrahighresolution STM imaging 26, 27 unambiguously proved the formation of 1 (Fig. 2c ). We further attempted the onsurface synthesis of 2 from 4 using a similar strategy. The overview STM image after annealing 4 at 300 °C on Au(111) revealed the predominance of covalently coupled molecular clusters ( Fig. 2d and Supplementary Fig. 1 ), and in contrast to 1, we rarely found isolated molecules on the surface. Figure 2e ,f show the high-resolution and ultrahigh-resolution STM images of an isolated molecule, respectively, demonstrating the successful formation of 2. The pronounced intermolecular reactions of 2 is indicative of a considerably higher reactivity of 2 compared to 1, as the propensity for 1 under identical synthetic conditions is to remain isolated on the surface. As we demonstrate below, this drastic difference in the reactivity of 1 and 2 is due to a larger zigzag periphery in 2, leading to an open-shell ground state. To circumvent the problem of the limited yield of 2 on Au(111), we conducted the synthesis of 2 on Cu(110) surface. In contrast to densely-packed (111) surfaces, which exhibit weak interactions with molecular adsorbates, the more open (110) surfaces feature comparatively stronger hybridization between molecular orbitals and the metal d-states due to energetic upshift of the d-band center 28 . As a result, molecular mobility may be substantially reduced 29 which could prevent intermolecular reactions and increase the yield of isolated molecules. Figure 2g presents an overview STM image after deposition of 4 on Cu(110) and annealing to 240 °C. In contrast to Au(111), the reaction products on Cu(110) nearly exclusively consist of isolated molecules exhibiting a rhomboid shape. The excellent match between the experimental STM image of the molecules (Fig. 2h ) and the density functional theory (DFT)-simulated STM image of 2 on Cu(110) (Fig. 2i ) proves the successful formation of 2. The spin excitation threshold is extracted to be ±102 mV. Acquisition positions for the respective spectra are marked with a filled circle in the insets of a,c. The data in c,d are acquired on different molecules with different tips. Scale bar: 0.5 nm.
We employ STS to experimentally probe the electronic structures of 1 and 2 on Au(111). Differential conductance spectroscopy (dI/dV, where I and V denote current and voltage, respectively) on 1 reveals peaks in the local density of states (LDOS) at −330 mV and +400 mV ( Fig. 3a ). Spatially resolved dI/dV maps at the respective energies exhibit excellent agreement with the DFT-LDOS maps of the HOMO and LUMO of 1 ( Fig.   3b and Supplementary Fig. 2 ), confirming the spectroscopic features to be molecular orbital resonances, with the HOMO-LUMO gap being 730 meV. In contrast, dI/dV spectroscopy on 2 reveals abrupt stepwise change in conductance symmetric around the Fermi energy, indicative of an inelastic excitation 30 (Fig. 3c ). The excitation threshold, extracted from a fit to the corresponding IETS spectrum 31 , equals ±102 meV ( Fig. 3d ).
To investigate if the inelastic excitation may be ascribed to a spin excitation 25 , we performed DFT calculations to unravel the magnetic ground states of [n]-rhombenes. Since [n]-rhombenes have an equal number of carbon atoms in the two interpenetrating triangular sublattices of their honeycomb lattice, the ground state, as per Lieb's theorem for bipartite lattices 32, 33 , is expected to be a singlet, that is, the total spin quantum number S = 0. However, this rule does not predict whether a system with S = 0 ground state is an open-shell or a closed-shell singlet. This complementary information is obtained from spin-polarized DFT calculations. Figure 4a presents the energetic difference between the open-shell singlet and closed-shell states for a series of [n]-rhombenes, showing a size-dependent onset of magnetism. While for n ≤ 4, the ground state is closed-shell, an open-shell singlet ground state emerges for n ≥ 5, in agreement with previous reports 34, 35 and in support of our experimental observations. In particular, for 2, the open-shell triplet (S = 1) and closed-shell states are 100 meV and 122 meV higher in energy, respectively, compared to the open-shell singlet ground state. Furthermore, we calculated the magnetic excitation spectrum of 2 via an exact diagonalization of the Hubbard model at half filling 36,37 -known to give results in agreement with advanced quantum chemistry methods 37 -in the complete active space approximation with two electrons and two orbitals, with third nearest neighbor hopping. Figure 4b Figure   4c presents the mean-field Hubbard spin polarization plot of 2, where spin up and spin down populations are sublattice-polarized and localized at the opposite ends of the molecule. Therefore, while S = 0, a local spin polarization is maintained at each end. The corresponding picture in the case of a closed-shell ground state would entail equal population of spin up and spin down electrons at every carbon atom of 2.
Finally, to establish a quantitative link between the open-shell character of 2 on Au(111) to experimental measures of electronic structure (that is, orbital resonances), we performed many-body perturbation theory GW calculations 38 (where G and W denote Green's function and screened Coulomb potential, respectively), including screening effects from the underlying surface 39 (that is, GW+IC, where IC denotes image charge). Figure 4d Supplementary Fig. 5 ). We detect a charge transfer from Ag(111) to 2, leading to complete filling of the singly unoccupied molecular orbitals (SUMOs) and therefore a closed-shell ground state of 2. In accordance with this observation, no spin excitations are seen for 2 on Ag(111).
For robust spin-logic operations at practical temperatures, it is imperative that the MEC exceeds the Landauer limit of minimum energy dissipation 40 at room temperature 41, 42 , kBTln(2) ≈ 18 meV, where kB is the Boltzmann's constant and T is the temperature. The weak MEC of few millielectronvolts commonly found in transition metal nanomagnets limits operations of devices based on such materials to cryogenic temperatures. In contrast, the experimental singlet-triplet gap of 102 meV of 2, which provides a direct measure of the MEC, is more than five times larger than the Landauer limit-highly promising for room temperature-stable spintronics. On a fundamental note, our results demonstrate that the synthesis of ZNGs with controlled size and shape allows building nanostructures with robust all-carbon magnetism, which mimic elementary building blocks to explore quantum magnetism. Given the robust MEC and negligible magnetic anisotropy in [n]-rhombenes, construction of their nanoscale lattices through established on-surface synthetic techniques could pave the way for exploration of exotic low-dimensional quantum phases of matter 43, 44 in purely organic systems.
Methods
Synthesis of molecular precursors. The detailed solution synthesis of molecular precursors 3 and 4, and associated characterization data are reported in Supplementary Schemes 1 and 2, and Supplementary Figs. 6-21.
Sample preparation and STM/STS measurements. STM measurements were performed in a commercial lowtemperature STM from Scienta Omicron operating at a temperature of 4.5 K and base pressure below 5×10 -11 mbar. Au(111), Ag(111) and Cu(110) single crystal surfaces were prepared by Ar + sputtering and annealing cycles.
Powder samples of precursors 3 and 4 were contained in quartz crucibles and sublimed from a home-built evaporator at 270 °C and 310 °C, respectively, onto single crystal surfaces held at room temperature. STM images and dI/dV maps were recorded in constant-current (that is, closed feedback loop) mode, and dI/dV and d 2 I/dV 2 spectra were recorded in constant-height (that is, open feedback loop) mode. dI/dV and d 2 I/dV 2 measurements were obtained with a lock-in amplifier operating at a frequency of 860 Hz. Modulation voltages for each measurement are reported as root mean squared amplitude (Vrms). Tunneling bias voltages are provided with respect to the sample.
Unless otherwise noted, STM and STS measurements were performed with metallic tips. Ultrahigh-resolution STM images were acquired by scanning the molecules with CO-functionalized tips in constant-height mode, and the current channel is displayed. For ultrahigh-resolution STM images, Δz indicates lowering of the tip height after opening the feedback loop at the center of the molecules. CO molecules were deposited on a cold sample (with a maximum sample temperature of 13 K) containing reaction products and post-deposited NaCl islands, which facilitate CO identification and pick up. The data reported in this study were processed with WaveMetrics Igor Pro or WSxM 45 software.
Tight-binding calculations. Tight-binding calculations for obtaining spin polarization plots and LDOS maps of 2 have been performed by numerically solving the mean-field Hubbard Hamiltonian with third nearest neighbor hopping 
where denotes the atomic site index and 2 denotes the Slater 2pz orbital for carbon.
Exact diagonalization of the Hubbard Hamiltonian. The exact diagonalization of the Hubbard Hamiltonian is carried out in the two-level system at half filling 47 , for which the energy levels ± 2 ⁄ and ±�4 2 + 2 4 ⁄ of the system can be found analytically. The two levels, which are taken into consideration, are the sublattice-polarized zero energy states:
Here, � denotes the third nearest neighbor tight-binding Hamiltonian, the onsite Coulomb repulsion of the carbon 2pz orbital and | ⟩ the 2pz orbital of atomic site .
DFT and GW calculations. The equilibrium geometries of the molecules adsorbed on Au(111) and Cu (110) surfaces were obtained with the CP2K code 48 implementing DFT within a mixed Gaussian plane waves approach 49 . The surface/adsorbate systems were modeled within the repeated slab scheme 50 in the following manner: (1) Supplementary Figs. 3  and 4 , while dI/dV spectroscopy on 2 provides clear identification of the majority of non-frontier states, no clear signatures of the frontier states (that is, SOMOs and SUMOs) are found. As shown in Supplementary Fig. 4a , while a peak at ~ −300 mV may be ascribed to SOMOs, SUMOs present no distinguishable features. We therefore acquire a series of dI/dV maps to unambiguously identify the frontier orbital resonances. Supplementary Fig. 4d ,e present a series of dI/dV maps between the spin excitation threshold, and the first non-frontier orbital resonance at each bias polarity (that is, HOMO−1/LUMO+1). Characteristic LDOS features emerge at −300 mV (Supplementary Fig. 4d ), and between +600 mV and +900 mV ( Supplementary Fig. 4e ), which exhibit excellent correspondence to the MFH-LDOS maps of the SOMOs and SUMOs of 2 ( Fig. Supplementary Fig. 4c ), respectively. Based on dI/dV spectroscopy and the onset of the LDOS features in dI/dV maps, we estimate the SOMOs and SUMOs resonances to be at −300 mV and +600 mV, respectively, yielding a Coulomb gap of 900 meV. The excellent agreement between the experimental dI/dV maps and the gas-phase MFH-LDOS maps evidences the lack of any significant perturbation of the molecular orbitals of 2 when adsorbed on Au(111). 
Supplementary Note 1. Additional STS measurements on 2 on Au(111). As shown in

Supplementary Note 2. STS measurements on 2 on Ag(111).
We also explored the electronic structure of 2 on Ag(111) with the aim of probing any change in the energetics of magnetic coupling. The on-surface synthesis of 2 on Ag(111) was performed by deposition of 4 on Ag(111), and annealing the surface to 350 °C, which yields both individual molecules and covalently coupled molecular clusters. dI/dV spectroscopy on 2 ( Supplementary   Fig. 5a ) provides no clear signatures of molecular orbital resonances. Therefore, we employ sequential dI/dV mapping to identify molecular orbital resonances of 2 on Ag(111). As shown in Supplementary Fig. 5c , the electronic structure of 2 on Ag(111) is markedly different from that on Au(111). First, in a bias range of −30 mV to −1.8 V, 
General methods and materials.
All reactions working with air-or moisture-sensitive compounds were carried out under argon atmosphere using standard Schlenk line techniques. Thin layer chromatography (TLC) was done on silica gel coated aluminum sheets with F254 indicator and column chromatography separation was performed with silica gel (particle size 0.063−0.200 mm). Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 300 MHz spectrometer. Chemical shifts were reported in ppm relative to the residual of solvents (CD2Cl2, 1 H: 5.32 ppm, 13 C: 53.84 ppm; C2D2Cl4, 1 H: 6.00 ppm, 13 All commercially available chemicals were purchased from TCI, Aldrich, Acros, Merck, and other commercial suppliers and used without further purification unless otherwise noted. Bisanthrone (5) and 1,4,8,11-tetramethyl-6,13-pentacenedione (11) were prepared following reported procedures 2,3 .
Solution synthesis of precursors 3 and 4.
Synthesis of 7,14-bis(2,6-dimethylphenyl)ovalene (3). Precursor 3 was synthesized as shown in Sup-
plementary Scheme 1. Bisanthrone (5) was initially treated with 2,6-dimethylphenylmagnesium bromide, followed by quenching with glacial acetic acid to provide isomeric mixture of diol intermediate 6′. 6′was then reduced with sodium iodide and sodium hypophosphite monohydrate in glacial acetic acid to give 10,10'-bis(2,6-dimethylphenyl)-9,9'-bianthracene (6) in 52% yield over two steps. Next, cyclodehydrogenation of 6 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and scandium(III) triflate by refluxing in a mixed solvent of chlorobenzene and triflic acid afforded 7,14-bis(2,6-dimethylphenyl)bisanthene (7) in 25% yield. Subsequently, 7 was subjected to two-fold Diels-Alder cycloaddition with nitroethylene in-situ generated from 2-nitroethanol and phthalic anhydride, followed by elimination of nitrous acid (HONO) to provide 7,14-bis(2,6-dimethylphenyl)ovalene (3) in 68% yield. were added to the obtained crude product of 6′. The mixture was heated under reflux for 4 h. After cooling down to room temperature, water (300 mL) was added and the reaction mixture was extracted with dichloromethane (250 mL) for three times. The organic phases were combined, washed with water and saturated aqueous solution of NaHCO3, and dried over anhydrous Na2SO4. After the solvent was evaporated, the residue was purified by column chromatography (n-hexane:dichloromethane = 4 : 1) to give the title compound ( 
Synthesis of 7,14-bis(2,6-dimethylphenyl)ovalene (3).
To an oven-dried Schlenk tube was added 7,14-bis(2,6dimethylphenyl)bisanthene (7) (56 mg, 0.10 mmol), followed by 2-nitroethanol (911 mg, 10.0 mmol) and dry oxylene (10 mL) via syringe. After degassing by three freeze-pump-thaw cycles with argon, phthalic anhydride (1.48 g, 10.0 mmol) was added and the mixture was heated at 165 °C for 24 h. After cooling down the mixture to room temperature, the solvent was evaporated. The obtained residue was purified by column chromatography (nhexane:dichloromethane = 5 : 1) to give title compound (41 mg, 68% yield) as orange solid, which was recrystal- 6,13-bis{10-(2,6-dimethylphenyl)anthracen-9-yl}-1,4,8,11-tetramethylpentacene (4) . Precursor 4 was synthesized as shown in Supplementary Scheme 2. 9-(2,6-Dimethylphenyl)anthracene (9) was initially prepared through Suzuki coupling reaction of 9-bromoanthracene (8) with (2,6-dimethylphenyl)boronic acid in 73% yield. Then, bromination of 9 with bromine provided 9-bromo-10-(2,6-dimethylphenyl)anthracene (10) in 96% yield. Subsequently, 11 was reacted with {10-(2,6-dimethylphenyl)anthracen-9-yl}lithium generated by lithiation of 10, followed by dehydroxylation with sodium iodide/sodium hypophosphite monohydrate to give precursor 4 in 29% yield over two steps. Synthesis of 9-bromo-10-(2,6-dimethylphenyl)anthracene (10). To an oven-dried 100-mL flask was added 9
Synthesis of
(1.40 g, 4.96 mmol) and CCl4 (22 mL). Bromine (0.832 g, 0.268 mL, 5.21 mmol) was then added dropwise over 5 minutes. The reaction mixture was stirred at room temperature for 15 min under the exclusion of light and then quenched with saturated aqueous solution of Na2SO3 (50 mL). The mixture was extracted with dichloromethane for three times and washed with water and brine. The organic layer was then dried over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by recrystallization from chloroform/methanol afforded the title compound Figure 7 | X-ray single-crystal structure of 4 (ORTEP drawings with thermal ellipsoids set at 50% probability, solvent molecules were removed for clarity). 
